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Abstract- This paper presents behavioral modeling of an 
envelope tracking (ET) power amplifier (PA) excited by an slew-
rate limited envelope. In order to relax the slew-rate 
requirements of current efficient envelope amplifiers (EA), we 
can drive the ET PA with a slower version of the signal’s 
envelope. However, the resulting amplified signal suffers from 
nonlinear distortion due to the time-variant gain effects that 
arise when using the slower version of the signal’s envelope. In 
this paper this time-variant effects are presented and 
characterized. A new envelope-dependent (ED) behavioral 
model is presented and compared with a simpler static AM-AM 
and AM-PM modeling. Experimental results showing the 
performance of the proposed ED model were obtained with an 
ET PA based on a GaN transistor. 
I. INTRODUCCIÓN 
Dynamic supply architectures such as the envelope 
tracking (ET) power amplifier (PA) can be combined with 
linearization techniques such as digital predistortion (DPD) 
to enhance power efficiency and preserve linearity within the 
transmitter. ET PAs (see Fig. 1) result very attractive from 
the implementation point of view, because ET can be applied 
in conventional transmitters by only substituting the static 
supply for a dynamic one. 
Dynamic supply can be carried out by means of an 
envelope amplifier (EA) that has to efficiently supply the 
required voltages and currents to the RF transistor drain at 
the speed imposed by the changes of the RF envelope [1]. In 
OFDM-based modulations the bandwidth of the signal’s 
envelope is several times the bandwidth of the baseband 
complex modulated signal. Therefore, the EA has to 
efficiently supply envelopes with high peak-to-average power 
ratios (PAPR) and bandwidths ranging from DC up to several 
MHz. In order to relax the slew-rate requirements of the EA, 
recent works have proposed methods to iteratively reducing 
the envelope bandwidth [2] or reducing its PAPR [3]. 
The method recently published in [4], consist in 
processing the real signal’s envelope E(n) to obtain, in real-
time, a slew-rate limited version Es(n). Fig. 2 shows both the 
real and slew-rate limited envelopes. ET PA was performed 
in [5] using the slew-rate limited version of the envelope. 
Results showed that by using the slower envelope to supply 
the PA drain the efficiency improvement is slightly reduced 
with respect to supplying with the real envelope. However, 
the slew-rate requirements are also relaxed, which permits 
considering the use of highly efficient commercial EAs. 
Unfortunately, by using the slower version of the signal’s 
envelope, the resulting amplified signal suffers from 
nonlinear distortion due to the time-variant gain effects 
(envelope dependent) that arise.  
The scope of this paper is to present and characterize 
these time-variant (envelope dependent) gain effects. 
Therefore, in Section II we present these nonlinear time-
variant gain effects that depend on the supply. Then, in 
Section III an envelope-dependent (ED) behavioral model to 
characterize these effects is presented. Experimental results 
showing the performance of the proposed ED model in 
comparison to a static one are presented in Section IV. 
Finally, conclusions are given.  
 
 
Fig. 1. Block diagram of an envelope tracking PA architecture. 
      
Fig. 2. a) RF signal, b) real envelope, c) slew-rate limited envelope. 
  
 
II. ET PAS SUPPLIED BY SLEW-RATE LIMITED ENVELOPES 
Fig. 3 shows the normalized AM-AM characteristic 
considering an ET PA supplied with the slow version of the 
envelope, Es (the maximum Es voltage is 28V), while Fig. 4 
shows the AM-AM characteristic considering only 3 selected 
Es values (in fact, it is considered a range of voltages around 
each Es). As it can be derived from Fig. 3 and Fig. 4, due to 
the fact that the supply and the input signals are not 
univocally related, as a consequence time-variant nonlinear 
gain effects arise. For a given input it is possible to have a 
range of different outputs. Therefore, the ET PA presents an 
envelope-dependent (ED) behavior.  
 
Fig. 3. Normalized AM-AM characteristic for all Es values. 
 
 
Fig. 4. Normalized AM-AM characteristic for some Es values.  
 
III. MODELING THE SLOW-ENVELOPE DEPENDENT TIME-
VARIANT NONLINEAR GAIN EFFECTS 
As it is well-known, the input-output relationship of a PA 
operating under constant supply voltage can be formulated as 
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with xA and yA being the PA complex baseband input and 
output signals respectively. The complex function gA(·) is only 
dependent of the input envelope. 
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where ()P
A
g ⋅  can be either ()AM
A
g ⋅  or ()PM
A
g ⋅ , and 
similarly, P
i
c represent both AM
i
c  or PM
i
c . However, when 
considering the slew-rate limited version of the envelope (Es) 
to supply the PA, coefficients P
i
c are nor constant anymore. In 
order to characterize the time-variant nonlinear gain effects, 
we have to consider that P
i
c coefficients are dependent on the 
slower version of the envelope Es, so these coefficients are 
replaced in (3) by a function ( )P
i s
f E  that depends on Es 
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and where ( )P
i s
f E can be defined by a polynomial function.  
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Now, in order to reduce the error due to the finite terms of 
the polynomial expansion (of orders N1 and N2), we define the 
coefficients of our envelope-dependent (ED) model around 
the most probable Es value. This value can be obtained 
calculating the statistical mode of the histogram of the Es 
values. Therefore, the ET PA gain is obtained as incremental 
around the nominal ( )_ (·)P NomAg  gain function, resulting 
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The ED behavioral model in (6) consists of the 
combination of a static nonlinear part (coefficients 
0
P
i
γ ) that 
is only dependent of the input signal and a nonlinear time-
variant gain part  (coefficients P
ij
γ , j≠0) that depends on both 
the slow version of the envelope, Es, and the input signal,  xA. 
The dimension of the expansion corresponding to 
0
P
i
γ  is 
considered of N3 coefficients, and it can be different from N1 
or N2. This envelope-independent term can be implemented 
by a look-up table (LUT) only indexed by the signal 
modulus
A
x . Therefore, a high N3 value does not represent 
an increment in the computational cost. 
  
 
IV. EXPERIMENTAL VALIDATION OF THE ENVELOPE-
DEPENDENT BEHAVIORAL MODEL  
For testing purposes we used a Cree Inc. Board 
CGH40006P-TB (GaN transistor) operating at 2 GHz. The 
test-bed equipment consisted of: an Agilent MXG N5182A 
RF vector generator, a Tabor WW2572A arbitrary wave 
generator and an Agilent Infinium DSO90404A RF 
oscilloscope. The overall instruments were controlled by a PC 
running Matlab. The EA used was based on the high-speed 
Linear Technology IC LT1210. The ED behavioral model 
was extracted and validated through input-output data records 
of 16-QAM OFDM-based signals obtained with the set-up 
previously described. After generating the slow (slew-rate 
limited) version of the envelope, we calculate its histogram to 
obtain the mode. For our particular OFDM 16-QAM signal, 
the nominal or most probable envelope value was at 9.8 V. 
The maximum envelope voltage value, 28 V, was achieved 
only 1.5 % of the times. Then, the ED behavioral model can 
be obtained by Least Squares (LS) fitting. To validate the 
performance of the ED behavioral model, Fig. 5 shows the 
AM-AM characteristic of the PA model response, considering 
the same 3 selected Es values and signal input as in Fig. 4, 
where the AM-AM was obtained from measurements.  
 
 
Fig. 5. AM-AM characteristic (for 3 selected Es values) of the PA model 
(with 3 γi0 + 6 γij (j≠0) coefficients for modeling the AM-AM and the same 
number of coefficients for the AM-PM). 
 
To test the capability of our ED model to reproduce the 
out-of-band distortion, Fig. 6 shows the output power spectra 
of the PA and both the static and the ED behavioral models, 
and the relative spectrum error between the reference and 
both models. Finally, Table I, compares the performance of 
the ED model (considering different sets of coefficients) with 
the static model in terms of NMSE (normalized mean square 
error) and ACEPR (adjacent channel error power ratio) [6]. 
Given the same number of coefficients, the ED model 
presents better NMSE and ACEPR values than the static one. 
The accuracy of model in-band is hardly improved 
augmenting the number of coefficients. However, there is still 
room for characterizing the out-of-band nonlinear part of the 
model by properly augmenting the number of coefficients. 
 
Fig. 6. Measured and modeled output spectra (top) and relative spectrum 
error for both models (bottom): 12 γi0 (Static model) and 6 γi0 + 6 γij (j≠0) 
(ED model)
 
coefficients. 
 
TABLE I 
COMPARISON BETWEEN STATIC AND ENVELOPE-DEPENDENT MODEL 
FOR DIFFERENT SETS OF γi0 AND γij (j≠0) COEFFICIENTS 
 
 γi0 γij (j≠0) NMSE ACEPR 
Static model   12  -26.1 dB -33.5 dB 
ED-coefficients set 1  6 6 -35.4 dB -42.3 dB 
ED-coefficients set 2 6 12 -36.5 dB -43.5 dB 
 
V. CONCLUSION 
In this paper we have presented an incremental envelope-
dependent behavioral model capable of modeling the time-
variant nonlinear gain effects that arise in ET PAs when these 
are supplied by slew-rate limited envelopes. Experimental 
results showing the time-variant nonlinear gain have been 
presented. The proposed ED behavioral model has been 
extracted, validated and compared with a static model. The 
NMSE and ACEPR figures have proved the accuracy of the 
model to reproduce the unwanted time-variant nonlinear 
behavior. Eventually, this model can be used for digital 
predistortion purposes.  
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